Escherichia coli K-12 carrying the R-factor Ri is resistant to ampicillin, chloramphenicol, and streptomycin. This resistance is due to R-factor-coded enzymes that metabolize the drugs. The Gram-negative bacteria may be resistant to antibiotics due to the presence of R-factors containing structural genes for drug-metabolizing enzymes. The R-factor Ri confers resistance to ampicillin, chloramphenicol, kanamycin, streptomycin, and sulfonamides (25). The mechanism of Ri-mediated resistance is known in three cases; ampicillin is hydrolyzed by s-lactamase (19), chloramphenicol is acetylated (10), and streptomycin is adenylylated (22) . In a previous communication (28), the specific activities of Ri-mediated f,-lactamase, chloramphenicol acetylase, and streptomycin adenylylase were measured in a strain of Escherichia coli K-12; the streptomycin adenylylase activity was much lower than that of the other two enzymes. Now we present a study of the effects of these three enzymes on the survival of populations of Ri-carrying E. coli K-12 cells growing in liquid medium containing high concentrations of ampicillin, chloramphenicol, or streptomycin. For ampicillin and chloramphenicol, survival of the population was due to detoxification of the medium by the corresponding enzymes. The activity of streptomycin adenylylase was too low to cause any detectable decrease in the concentration of streptomycin in the medium during growth, but mutants were selected that were more resistant to streptomycin than normal Ri cells.
Gram-negative bacteria may be resistant to antibiotics due to the presence of R-factors containing structural genes for drug-metabolizing enzymes. The R-factor Ri confers resistance to ampicillin, chloramphenicol, kanamycin, streptomycin, and sulfonamides (25) . The mechanism of Ri-mediated resistance is known in three cases; ampicillin is hydrolyzed by s-lactamase (19) , chloramphenicol is acetylated (10) , and streptomycin is adenylylated (22) . In a previous communication (28) , the specific activities of Ri-mediated f,-lactamase, chloramphenicol acetylase, and streptomycin adenylylase were measured in a strain of Escherichia coli K-12; the streptomycin adenylylase activity was much lower than that of the other two enzymes. Now we present a study of the effects of these three enzymes on the survival of populations of Ri-carrying E. coli K-12 cells growing in liquid medium containing high concentrations of ampicillin, chloramphenicol, or streptomycin. For ampicillin and chloramphenicol, survival of the population was due to detoxification of the medium by the corresponding enzymes. The activity of streptomycin adenylylase was too low to cause any detectable decrease in the concentration of streptomycin in the medium during growth, but mutants were selected that were more resistant to streptomycin than normal Ri cells.
MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. The E. coli K-12 strain Gllal (ilv, metB) was used in this study (9) . The R-factor Rl mediates resistance to ampicillin, chloramphenicol, sulfonamides, streptomycin, and kanamycin (25) . Ri was transferrred as previously described (27) , giving strain Gllal-Rl. In the bioassay of streptomycin, the E. coli K-12 strain Gll (ilv, metB [reference 39]) was used.
We used Bertani LB medium (4) supplemented
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tests, the bacteria were grown in LB medium on a rotary shaker and harvested in the exponential growth phase. About 200 cells were spread on LA plates containing different amounts of the drug to be tested. The resistance level is defined as the highest drug concentration permitting 100% cell survival (27) . In tube dilution tests, exponentially growing bacteria were diluted and added to test tubes containing 5 ml of LB medium and different concentrations of the drug to be tested. After incubation overnight, the tubes were scored for turbidity.
Induction of ,@-galactosidase. The ability of a culture to form ,B-galactosidase was tested in the following way. Isopropyl-,-D-thiogalactopyranoside (IPTG, 5 x 10-1 mM, Sigma Chemical Co., St. Louis, Mo.) was added to a 5-ml culture growing exponentially in glucose-free LB medium. Incubation was continued for 30 min, after which the cells were harvested by centrifugation. The cells were resuspended in 1 ml of minimal medium E without any carbon source and lysed by the addition of 2 drops of toluene. The activity of 0-galactosidase was measured as described by Pardee et al. (31) .
Analytical methods. Hydrolysis of ampicillin was assayed by measuring the formation of ampicilloic acid by using an automated microiodometric method (20) .
Chloramphenicol and streptomycin were determined by bioassay (18) by using the E. coli K-12 strains Gllal (chloramphenicol) and Gll (streptomycin) as indicator strains. The test strain was grown in LB medium to a cell density of 4 x 108 cells/ml and diluted 100 times in NaCl (0.9%, wt/vol). A 0.1-ml portion of this dilution was added to melted SA (45 C) and poured onto LA plates. The culture samples were always filtered free of cells by using 23-mm membrane filters before antibiotic concentrations were determined. Paper disks (5-mm diameter) were soaked in the solutions to be tested and applied to the agar surface. Zones of growth inhibition were measured after 16 h of incubation at 37 C and were compared with those obtained with known standards in the same experiment. In all cases, four disks were used per sample and standard. A standard curve for streptomycin is given in Fig. 1 , which also shows the standard deviation of zone diameters. This deviation was i0.1 mm, giving an accuracy of 43% for the bioassay.
The bioassay of chloramphenicol is about 10 times less sensitive than the bioassay of streptomycin.
,B-lactamase, chloramphenicol acetylase, and streptomycin adenylylase were measured as previously described (28) . One unit of enzyme is defined as the amount of enzyme that metabolizes 1 Mg. The activity of the streptomycin-inactivating enzyme was much less than that of ,B-lactamase and chloramphenicol acetylase.
Resistance to ampicillin, chloramphenicol, and streptomycin was measured in'tube dilution tests. There was a considerable inoculum effect for all three antibiotics tested, particularly for ampicillin and streptomycin. At small inocula, resistance to ampicillin and chloramphenicol was the same as on plates, although resistance to streptomycin was considerably higher in LB medium than on LA plates. LB medium but not LA medium is supplemented with medium E. The addition of medium E to LA plates raised streptomycin resistance to the same level as found at small inocula in LB medium, presumably by increasing the buffering capacity (1, 6, 8, 33, 43) and the salt concentration (3, 7, Viable count decreased with time ( Fig. 4) , but the rate of killing was much lower than in the ampicillin experiments (cf. Fig. 2 ). Washing the cells with DEL solution on membrane filters did not increase the colony count of cells grown in the presence of chloramphenicol. The R-factor Rl codes for a fl-lactamase that is located in the periplasm (19) . There was a considerable excretion of this enzyme from the cells treated with chloramphenicol. However, there was very little loss of protein from the cells, indicating that the decrease in OD and the leakage of P-lactamase were not due to cell lysis. The ability to form ,8-galactosidase by induction with IPTG was also measured at 500, 800, 1,000 and 2,400 Ag of chloramphenicol per ml. At all these concentrations, the inducibility was completely lost less than 1 min after the addition of chloramphenicol. The capacity to form B-galactosidase was completely restored when the drug disappeared from the medium.
The survivors from the experiments of Fig. 3 were tested for chloramphenicol resistance on plates. Their resistance was identical to that of the original Gllal-Rl culture.
Effect of streptomycin on growing cultures of Gllal-Ri. Experiments analogous to those described above for ampicillin and chloramphenicol were performed with streptomycin (Fig. 5) . After the addition of streptomycin, growth (OD and viable count) continued as in the control. After a time, which was shorter the higher the concentration of streptomycin, growth was inhibited, followed by a decrease in OD of the culture and killing of the cells. figure. (a) (19) , chloramphenicol in the LB is acetylated (10) , and streptomycin is adenylylere resistant ated (22) . In a previous paper we showed that iis resistant there is a linear correlation between single-cell resistance and enzyme production (28) (34) and Staphylococcus aureus (23, 35) . Hence, the survival of the min before the time of cell division (15, 24) . It is also known, that penicillins induce the formation of filaments (16) . A microscope examination of the cultures grown in the presence of high concentrations of ampicillin showed that the majority of the cells present lysed rapidly. The few remaining living cells were filaments. The size of the filaments indicated that they were not formed before the addition of ampicillin. There was a good correlation between viable count and the number of filaments.
We favor the conclusion that at high concen- creases is not obvious. Gale and Paine (12) A cell containing an increased number of R-factor copies should contain a proportionally increased B-lactamase activity and hence a proportionally increased ampicillin resistance (26, 28) . However, about 80 times more copies of Rl than the average cell contains would be required to confer a resistance of 8,000 Mg of ampicillin/ml. There is very little likelihood that the statistical variations in the number of plasmid copies can be that great.
The mutant theory was ruled out by analysis of the survivors obtained at high concentrations of ampicillin.
The final possibility proposed was that cells at a certain stage of the cell division cycle are less susceptible to killing by ampicillin. There are great variations in the penicillin susceptibility of synchronously growing E. coli during the 
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metabolism of chloramphenicol may be relevant to the present discussion. During the first 15 min (half a generation), about 600 uig of chloramphenicol was acetylated per ml (Fig. 4) ; this is in accordance with the acetylase activity measured in vitro (Table 1) . If we assume that the final product is the diacetate (38) , this corresponds to a consumption of about 4 ,mol of adenosine 5'-triphosphate (ATP) per ml. About 10.5 g of cellular dry weight is normally obtained per mole of ATP (2, 13, 36) The enzyme chloramphenicol acetylase is cytoplasmic (40) and was not lost from the chloramphenicol-treated cells. The continuous reduction in the rate of acetylation could be due to product inhibition of the enzyme. However, no product inhibition was found at the concentrations of acetylated chloramphenicol present in the medium (5 mM).
The decrease in OD observed in the presence of chloramphenicol was not due to leakage of substances from the cells, because very little extracellular protein was found even after 4 h of incubation. Hence, there was no major lysis of the cells. This was verified by the fact that protein synthesis (measured as induction of ,8-galactosidase) resumed its normal level immediately after the chloramphenicol had been metabolized. Hence, there was no irreversible distortion of protein synthesis. However, fl-lactamase was excreted to a large extent. This enzyme is periplasmic (19) , and its excretion is consistent with the finding that chloramphenicol treatment leads to the loss of outer membrane complex (lipopolysaccharide, phospholipid, and membrane protein [321). The bactericidal effects of chloramphenicol have been discussed by Brock (5) .
Growth resumed when chloramphenicol was completely metabolized, and the survivors were not mutants. Hence, the survival of the population in the presence of chloramphenicol is due to detoxification of the medium. Effect of streptomycin. No inactivation of streptomycin was detected in vivo, although Rl codes for an enzume that metabolizes streptomycin (28) . The enzyme activity is very low but is still of importance for the survival of the cells in the presence of streptomycin (see Table  1 ). In the presence of high concentrations of streptomycin, there was rapid killing of the cells. However, after 1 to 2 h of incubation, the viable count started to increase. This resumption of growth was due to mutants present in the population. These mutants were about 10 times as resistant to streptomycin as was the parent strain. They will be further discussed in an accompanying paper (22) .
In conclusion, the R-factor Rl has a drastic effect on the survival of the population in the presence of high concentrations of ampicillin, chloramphenicol, and streptomycin. In the two first cases, survival is due to detoxification of the medium, whereas in the presence of streptomycin, more resistant mutants are selected. 
